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Abstract: The in-plane current density distribution measurement of the proton exchange membrane
fuel cell (PEMEFC) is significantly restricted by transmission loss and interference, which are mainly
caused by weak voltage signals. This poses a great challenge to accurate measurement, as any
inaccuracies could potentially affect the overall performance evaluation and optimization of the
PEMEC. To effectively address this issue, a distributed signal amplification sensor is developed,
making full use of printed circuit board (PCB) segmented measurement technology. This technology
allows for a more precise and detailed measurement approach. The voltage drop across in-plane
sampling resistors is amplified by amplifiers and then acquired by the acquisition device. A thorough
analysis of the sensor's measurement accuracy is conducted, taking into account various factors such
as environmental conditions and potential signal fluctuations. Furthermore, a specially designed
collector structure ensures the proper installation of all components. It not only guarantees a seamless
fit but also enhances the stability and reliability of the measurement system. This enables online
measurement without disrupting the cell's internal structure, providing a promising solution for
PEMFC measurement in this field.

Keywords: printed circuit board; signal acquisition and amplification; current distribution;
segmented measurement technology

1. Introduction

Proton exchange membrane fuel Cells (PEMFCs) have become the focus of energy research due
to their high-efficiency operation and zero-pollution emissions. These characteristics make PEMFCs
a promising option in the search for sustainable energy alternatives. However, the online
measurement of PEMFCs remains a hard challenge. The complex reaction mechanisms occurring
inside the cells, combined with their closed-structure design, pose significant obstacles to accurate in-
situ monitoring. Printed Circuit Board (PCB) technology, as an in-situ segmented-cell measurement
method, has received extensive attention in the research of PEMFCs. It enables researchers to explore
the current density distribution and internal polarization processes within fuel cells. This technology
provides unique insights into the spatial variations of key parameters, which is crucial for a
comprehensive understanding of the performance of PEMFCs. At present, according to the different
principles by which current sensors acquire and convert current signals, the current - measurement
technologies related to PCBs can be classified into several categories: Ohm's law [1,2], Hall's principle
[3,4], and the magnetization of soft magnets [5]. Each of these methods has its own advantages and
disadvantages, and researchers are constantly exploring ways to improve their accuracy and
applicability in the measurement of PEMFCs.

Among the above current measurement methods, the principle of the Voltage division method
is simple. However, it will cause output voltage loss and PCB process complexity. And the signal of
the Hall method is easy to be disturbed. The magnetization method also has problems such as the
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PCB embedding resistance process and thickness increase. Consequently, it is necessary to take some
measurement means to amplify the weak voltage signal for acquisition to reduce transmission loss
and interference.

Jiao et al. [6,7] employed the PCB surface-mount technology and the method of external resistors
to achieve the integration of the PCB sensor inside the fuel cell. They investigated the influence of the
water state on cold start by means of distributed parameters, thus offering a specific optimization
approach for the cold start process. However, due to the weak distributed signals, a 100m(2 sampling
resistor was selected for this system. Although this improved anti-interference ability and reduced
transmission losses, it also increased the voltage drop in the segmented circuit, making it difficult to
effectively ensure the reliability of the system. Based on this, the paper focuses on developing
distributed signal amplification sensors based on PCB to further acquire the distribution of
distributed current density.

2. PCB Signal Amplification Sensor Design

Ohm's law provides the theoretical basis for the calculation of segmented current. By measuring
the Voltage drop across the sampling resistor, the segmented current can be calculated according to
the law. The obtained voltage signal is relatively weak and needs to be amplified by a current sensing
amplifier for subsequent analysis and application. To achieve more effective detection and processing
of current, with the help of Altium Designer software, a laminated structure PCB with a 4 x 4 segment
distributed signal amplification function is carefully designed and successfully fabricated. Its specific
structure is shown in Figure 1. In the design of the PCB, to achieve the current collection function,
gold-plated insulating pads are specifically set on the back of the PCB. The current is guided to the
back through some vias on the PCB. On the back, the current is directly connected to the
corresponding shunt resistors. The signals generated after connection are processed to form voltage
signals. These signal lines transmit the voltage signals into the amplifier for amplification, and the
amplified signals are directly output by the PCB connector. Through the above-mentioned series of
designs and operations, the PCB has successfully realized the functions of current segmentation,
current collection, and amplification, providing strong support for subsequent related circuit analysis
and applications.

(a) (b)
Figure 1. PCB Distributed Signal Amplification Sensor: (a) Top Layer; (b) Bottom Layer.

This design, relying on the innovative and unique concept of the PCB structure, has significantly
strengthened the anti-interference performance of distributed signals without the slightest impact on
the structure of the core reaction area inside the cell. Meanwhile, the design ensures a high degree of
integration of the sensor, enabling the cell structure to be compactly installed, and lays a solid
foundation for stabilizing the performance and stability of the cell assembly.
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3. Experiment
3.1. Experiment Setups

This experiment is conducted based on the Hephas Scribner 850e fuel cell test bench, and the
experiments on the collection and amplification of distributed voltage signals are completed. The
process is progressive, gradually achieving accurate and stable collection and amplification of these
signals. Table 1 details the information of the measuring devices related to this experiment, covering
aspects such as device models and parameters, providing a basis for the analysis and research of the
experimental results.

Table 1. Experiment devices information.

Measurement Devices Suppliers Specification
Test Bench Scribner 850e Hephas
Fuel Cell Nanjing University 25cm?2 Single
MEA Yangtze Ene.zrgy Serpentine channel
Technologies
PCB Sensor Jialichuang 4-Layer board
4 x 4 segments
5mQ)/shunt
Current Collector Plate Jialichuang Gold-plated
NI USB-6218 32 Inputs
Data Acquisition 16-bits
250kS/s
Power Supply GWINSTEK GPS-4303C

In this study, to effectively monitor and analyze the performance of the fuel cell, the key
components are designed and arranged. As shown in Figure 2, the PCB distributed signal
amplification sensor is placed between the cathode-side bipolar plate and the current collector [8-10].
Subsequently, these components are further assembled into a single cell, and the assembled structure
is presented in Figure 3. This approach of placing the PCB between the cathode-side bipolar plate
and the collector can effectively prevent interference with the internal structure of the cell, ensuring
that the core reaction area within the cell remains unaffected and guaranteeing the normal operation
of the single cell assembly.

The PCB sensor features a unique four-layer stacked structure, enabling it to collect and amplify
distributed voltage signals, thus providing a stable and reliable signal source for subsequent data
analysis. Meanwhile, through the design method of structural avoidance, the current collector can
achieve compact installation with other components without disturbing the internal structure of the
cell. In the data collection process, the voltage drop across the sampling resistor is accurately acquired
using NI USB-6218 driven by LabVIEW (National Instruments Corporation), thereby providing an
accurate data foundation for subsequent analysis and research based on voltage signals.

In this experimental system, all devices are connected to the test bench in sequence, as shown in
Figure 4. A high-precision mass flow controller is used to regulate the flow rates of air and hydrogen,
ensuring that the flow rates of the reactive gases entering the fuel cell are accurate and stable, and
meeting the gas supply requirements under different experimental conditions. The back-pressure
module is responsible for adjusting the inlet pressure. By precisely controlling the pressure
parameters, it provides a suitable pressure environment for the stable operation of the fuel cell. An
electronic load is also integrated into the test bench, which is used to simulate different power
consumption demands, to test the performance of the fuel cell under different load conditions. In
addition, the system uses two heating columns to heat the fuel cell, and at the same time, a
thermocouple is used to measure the fuel cell temperature in real-time.


https://doi.org/10.20944/preprints202502.1302.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 18 February 2025 d0i:10.20944/preprints202502.1302.v1

4 of 8

Figure 2. PCB distributed signal amplification sensor layout position.

|| Assembled Single |

] ./

Back Pressure

Figure 3. Single-cell assembly.

Test Bench

Figure 4. Fuel cell test equipment.

3.2. Experiment Principle

The back of the cathode-side bipolar plate is closely fitted to the flat pads of the PCB. On the top
layer of the PCB, 4x4 mutually-insulated pads are designed to be used as current segments The
current is led to the bottom of the PCB through the vias on the pads, and these vias are respectively
connected to 16 identical shunt resistors. All components are integrated into the bottom layer of the
PCB. After the current passes through the resistors, it converges on the gold-plated surface of the
bottom layer of the PCB and is then led out by the current collector. The voltage signal acquisition
lines at both ends of the resistors are connected to the segment amplifier. The amplified signals are
led out from the connectors at both ends of the PCB. The schematic diagram of the PCB signal-
amplification sensor is designed with the help of Altium Designer 19 software (as shown in Figure


https://doi.org/10.20944/preprints202502.1302.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 18 February 2025 d0i:10.20944/preprints202502.1302.v1

5 of 8

5). Node 1 and Node 2 at both ends of the shunt resistor are connected to IN- and IN+ of the amplifier
respectively. Then, the amplified signals are output to the J1 and ]2 connectors.
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Figure 5. PCB signal amplification sensor schematic.

3.3. Experiment Procedures

The accurate measurement accuracy of the PCB sensor is the basis for obtaining reliable data.
When studying the in-plane current distribution of the fuel cell under different operating conditions,
the measurement accuracy of the PCB sensor after signal amplification is a key factor that must be
considered. The experimental procedures are listed in Table 2.

Table 2. Experiment procedures list.

Schedule Contents
Sampling Ra Layout
AD Software

PCB Schematic Design

Four-layer Data Design

PCB Sensor

L 2R 2 2R 2R 4

PCB Sensor manufactured
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Match Gasket with MEA
PCB Sensor Assembly
Fuel Cell Bolt

Tightness Test

Connect the IN/LabVIEW

Test Bench Connect

Install devices

Operating Setup
Fuel Cell Activation

Test bench

Load Application
Data Acquisition
MATLAB Software

Data Processing

Test result

OOOOE & B B o 06 06 0 O

Result Analysis

Distributed voltage can be obtained through theoretical calculation based on Ohm's Law
(Formula 1) and combined with the amplifier principle corresponding to Formula 2. The simple
schematic diagram of the amplifier is shown in Figure 6.

I, =V, /R, 1)

V.. =V, xgain, +V

)

Here, n represents the segment array number (11...44); In is terminal passing current [A]; Vn is
shunt voltage [V]; Rn is shunt resistor [(2]. Vout represents the amplified segment voltage, gain is the

amplification factor, and Vref represents the reference voltage.

R.
Reference Supply SHUNT Load
Voltage o AVAVE
“._REF INAZ14 ouT Ougm
JT— GND IN-
27V 26V IN
fo! V+ *
CE\‘W\SS l
0.01 uF
to
01pF —
PRODUCT GAIN Ry and R, R, and R,
INAZ14 100 10kQ IMQ

Figure 6. Amplifier simplified schematic.

In the experiment, we gradually apply different load currents. Simultaneously, the NI

acquisition device synchronously collects the amplified voltage drops across the in-plane sampling

resistors. The operating conditions associated with the experiment are presented in Table 3.
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Table 3. Operating conditions of the test.

Test conditions Unit Value
Cell Temperature °C 70
Stoichiometry (A/C) - 1.5/2
Current density mA/cm? 400/800/1200/1600
Load (A) - 10/20/30/40
Dew Point (A/C) °C 59.5/59.5
Inlet pressure kPa (A/C) - 130/110

To investigate the amplification effect of the distributed amplification sensor on the voltage drop
of the shunt in-plane, it is necessary to ensure the stable operation of the fuel cell under the set
conditions. Experimental studies have shown that the fuel cell needs to operate continuously for more
than 10 minutes to reach a stable performance state. During the experiment, the fuel cell is operated
successively under load currents of 10A, 20A, 30A, and 40A. Simultaneously, the NI acquisition
device is used to record the corresponding amplified signals under each load condition in real-time.

4. Results and Discussion

Figure 7(a) presents the measured values of the amplified segment voltage under a 10A load
condition. By combining Formula (1) and Formula (2), the segment current is calculated, as shown in
Figure 7(b). Their corresponding spatial distributions are shown in Figure 8. Furthermore, Figure 7(c)
evaluates the current measurement accuracy under different loads. Through a comprehensive
comparison and analysis of the load and corresponding measured values, the results reveal that the
current measurement accuracy of the distributed signal amplification sensor system is not less than
98%. This result indicates that there is a high degree of consistency between the theoretical calculation
and the experimental measurement, and the two are in excellent agreement.

11 12 13 14 5 3 ) .
il ot oy e L e & u Load(A) | Sum{a) | Accuracy
02428 | 0.2302 | 03450 | 0.2470 06856 | 06607 | 0.6017 | 06057 ' :
21 22 23 24 21 = = 20 10 10.11853 | 08.81%
DR || DREED || DeE || o o628 | 06350 | 08320 | 06176
20 20.18756 88.01%
al a2 33 34 1 3z 23 X1
DY || TR || Ty || TED 06006 | 06385 | 06207 | 06100 =D 3po7108 | oo.00n
4l 42 43 4 41 42 43 44
0.2074 0.2830 0.2p88 0.3072 0.6148 0.5661 0.5976 0.6145 40 40.35737 88.11%
unit : V unit : A
(a) (b) (c)

Figure 7. (a) Amplified segment voltage value with 10A load. (b) Segment current value. (c) Distributed

signal amplification sensor measurement accuracy.

—40A —40A
| 30A 30A
(N 207 — 207

10A 108

(@) (b)

Figure 8. (a) Spatial display of amplified segment voltage. (b) Spatial display of segment current.
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5. Conclusions

This study fully takes into account that the measurement of in-plane current distribution is
significantly limited by transmission losses and interference. These are mainly caused by weak
voltage signals, which make accurate measurement very difficult. To effectively address this issue,
this research focuses on the distributed voltage signal amplification measurement of PEMFCs. We
use the PCB segmented measurement technology to successfully design and fabricate a single-cell
distributed signal amplification sensor. Meanwhile, the structure of the current collector is specially
designed to ensure the close installation of all components and avoid the influence of the sensor on
the core reaction area, laying a solid foundation for the stable operation of the distributed
measurement system. This distributed measurement system can effectively amplify and obtain the
voltage drop across the sampling resistors in-plane of the fuel cell. Through the distributed amplifier
and NI acquisition device, the voltage drop across the sampling resistors under various load
conditions can be monitored online. On this basis, the actual measurement accuracy of the sensor is
also evaluated, and experiments verify that its measurement accuracy is not less than 98%. In
summary, this study has achieved a series of breakthrough results in the design, implementation,
and performance optimization of distributed signal measurement technology for fuel cells. These
results provide a promising solution for the distributed signal detection technology inside PEMFCs
and are expected to promote the further development of this field.
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